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Eukaryotic cells possess a quality
control process, ‘nonsense-mediated
mRNA decay’ (NMD) for removing
aberrant mRNAs that contain
nonsense mutations in their protein
coding regions [1,2]. A second RNA
surveillance mechanism is RNA
interference (RNAi), which is
thought to be an ancient pathway for
the removal of foreign, in particular
viral, mRNA [3,4]. Both of these
processes involve turnover of RNA
by nucleases and the action of ATP-
dependent RNA helicases (reviewed
in [5]). Very recently a link [6]
between NMD and RNAi has been
demonstrated experimentally for
three of seven smg genes (smg-1
through smg-7) that are required for
NMD in Caenorhabditis elegans [7,8].
Mutations in smg-2, encoding an
RNA helicase, as well as smg-5 and
smg-6 resulted in non-persistence of
the phenotype produced by RNAi, as
long as the target mRNA was
continuously transcribed [6]. Thus,
particular NMD and RNAi
components appear to be common to
both pathways.
The Saccharomyces cerevisiae
orthologue of SMG-2, Upf1p, is
regulated by two NMD proteins,
Upf2p (also called NMD2p) and
Upf3p [9]. In an attempt to glean
further insight into the molecular
mechanisms underlying NMD, we
recently undertook an analysis of the
Upf2p/NMD2p sequence that
revealed that it contains three
tandem domains homologous to a
protein-, DNA- and RNA-binding
domain of eukaryotic initiation factor
4G [10] (see also [11]). In order to
broaden our investigations we also
undertook PSI-BLAST sequence
analyses [12] of C. elegans smg gene
products. These provided
unexpected findings that the product
of a Drosophila melanogaster gene,
anon-34Ea, was found to be
significantly similar to C. elegans
SMG-7 (E = 5 × 10–7, in round 2) and
remotely similar to SMG-5 (E = 5.3,
round 1) (Figure 1a,b). The SMG-7-
like region of Drosophila anon-34Ea
was found to represent
tetratricopeptide repeats similar to
those in yeast telomerase subunits
Est1p and Ebs1p [13,14] (Figure 1b).
To investigate the marginal
similarity of anon-34Ea and SMG-5,
a non-redundant sequence database
(ftp://ncbi.nlm.nih.gov/blast/db/nr)
was queried [12] with the carboxy-
terminal region of fly anon-34Ea
(amino acid residues 950–1177) and
an E-value inclusion threshold of
10–2. After four rounds of searching,
SMG-5 was indeed found to be
significantly similar to the carboxy-
terminal region of fly anon-34Ea
(E = 7 × 10–3). Moreover, this
analysis revealed that these regions
of SMG-5 and anon-34Ea are
members of the PIN (PilT-amino-
terminal) domain family that
includes bacterial PilT and yeast
Dis3p 3′-5′ exonucleases [15]
(Figure 1). Exhaustive PSI-BLAST
[12] database searches seeded with
all known PIN domain sequences
also revealed that yeast NMD4p, a
fourth NMD gene product [16], is
also a PIN domain homologue. For
example, a search with the PIN
domain of worm ZK1248.15 (amino
acid residues 338–481) reveals
significant (E = 9 × 10–4) similarity to
yeast NMD4p in 10 rounds. 
The functions of the PIN domain
family were previously thought to
relate to signalling [15]. Our analysis,
however, suggests quite a different
molecular function, namely a
phosphodiesterase activity, for PIN
domain proteins in general, and an
RNase function for worm SMG-5, fly
anon-34Ea and yeast NMD4p, in
particular. The multiple alignment of
PIN domain sequences (Figure 1)
shows five highly conserved acidic
(aspartate or glutamate) residues, and
a single hydroxyl (serine or threonine)
residue. Such amino acid conservation
occurs in enzymes, in particular those
that ligate divalent cations such as
nucleases (for example, see [17]).
For these reasons, we predict that the
majority of PIN domains are metal-
dependent enzymes.
Further clues concerning the
activities and substrates of these
putative enzymes were forthcoming
using a different type of database
search. Comparison of a Hidden
Markov model (HMM), constructed
from an alignment of 84 PIN domain
sequences (see Figure 1 legend),
with a 90% non-redundant database
(nrdb90; http://www.embl-ebi.ac.
uk/~holm/nrdb90; [18]) using
HMMER2 (http://hmmer.wustl.edu/;
S. Eddy, unpublished observations)
detected 96 PIN domain sequences
with E-values less than the default
threshold of 0.1. However, all
sequences with E-values between
0.1 and 10 could also be shown, using
comprehensive PSI-BLAST searches
(as above), to represent bona fide
PIN domains. The only exception to
this was a sequence with E = 2.4,
that represents the 5′ exonuclease
domain of Chlamydia pneumoniae
DNA polymerase I. 
The finding of this 5′ nuclease
sequence with an alignment score
similar to those of bona fide PIN
domains is tantalising. It alone,
however, was insufficient evidence
to propose homology between the
two PIN and 5′ nuclease domain
families. Nevertheless, three
additional lines of evidence support
such an homology prediction. Firstly,
motif-based studies indicate
significant similarities between the
carboxy-terminal regions of PIN and
5′ nuclease domain families (see
Figure 1 legend for details).
Secondly, the HMMER2-derived
alignment indicates that the two
domain families are of similar size
and contain similar orders and types
of secondary structures (Figure 1).
Thirdly, the alignment superimposes
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four conserved acidic or hydroxyl
residues that, in 5′ exonucleases,
either ligate divalent cations that are
essential for catalysis, or else are
thought to be hydrogen donors to the
exonuclease reaction (Figure 2)
[17,19,20]. All of the 5′ exonucleases
aligned with the PIN domain in
Figure 1a degrade duplex nucleic
acids and also possess a flap
endonuclease activity [21] (like Flap
endonuclease, Fen-1, they cleave at
the junction of double- and single-
stranded nucleic acids). Only those
residues that ligate one of the two
metal ions, seen in the 5′ nuclease
crystal structures, are well conserved
among PIN domains (Figures 1a,2).
As substitutions of these residues in
human Fen-1 result in enzymatically
inactive variants [22], we propose
that PIN domains with equivalent
residues at these positions
(Figure 1a) are enzymatically active.
Some PIN domains lacking these
residues might retain RNA-binding
affinity without enzymatic activity.
These observations lead us to
propose that the PIN domains of
SMG-5 and NMD4p are RNases. If
this experimentally testable
hypothesis is found to be valid, then
SMG-5 and NMD4p nucleases
possess alternative activities to the
nuclease activity of yeast Xrn1p
orthologues, abundant cytoplasmic
nucleases that are major contributors
to mRNA turnover in NMD [23].
The SMG-5 and NMD4p PIN
domains belong to a different
nuclease family to the Xrn1p family,
however, and might contribute to
NMD differently, for example by
further degrading Xrn1p-generated
mRNA fragments. In addition, these
proposed RNases might contribute
to other pathways of mRNA
turnover, including that of RNAi. 
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Figure 1
(a) Multiple sequence alignment of PIN (top
tier) and 5′ exonuclease (bottom tier) domains,
coloured according to a 80% consensus of
PIN domains only using CHROMA and
default settings (L. Goodstadt, C.P.P.,
unpublished observations;
http://www.lg.ndirect.co.uk/chroma/).
Consensus symbols: –, negative (DE); *,
hydroxyl (ST); a, aromatic (FHWY); b, big
(EFHIKLMQRWY); c, charged (DEHKR), h,
hydrophobic (ACFGHILMTVWY); l, aliphatic
(ILV); p, polar (CDEHKNQRST); s, small
(ACDGNPSTV); and, t, tiny (AGS). Predicted
[27] secondary structures are indicated below
the alignment (h/H indicates helix and e/E
indicates β-strand); lowercase letters
represent predictions that have expected
accuracies of > 72%, and uppercase letters
represent predictions that have expected
accuracies of > 82%. Abbreviations: Ce,
Caenorhabditis elegans; Cp, Chlamydia
pneumoniae; Dm, Drosophila melanogaster;
Hs, Homo sapiens; Mj, Methanococcus
jannaschii; Sc, Saccharomyces cerevisiae;
Sp, Schizosaccharomyces pombe; T4,
bacteriophage T4; Ta, Thermus aquaticus;
and, Tm, Thermotoga maritime. FEN1, 5′-3′
flap endonuclease; TAQ, Thermus aquaticus
polymerase I; Pol I, Polymerase I. GenPept
identifiers and residue numbers follow the
alignment. The non-conservation of otherwise
conserved aspartate residues in NMD4p and
KIAA1089 may indicate that additional acidic
residues, that are unable to be aligned with
accuracy, coordinate metal ions. Eight rounds
of multiple alignment and Hidden Markov
model (HMM) construction with database
searches using an E-value threshold of 0.1
generated a set of 84 PIN domain sequences
(with each pair being less than 67% identical),
similar to that of Makarova et al. [15] except
several containing NMD4p- and SMG-5-like
sequences. Comparison of a HMM with
nrdb90 revealed marginal similarity (E = 2.4)
to C. pneumoniae DNA polymerase I (see
text). Motif analysis using MACAW [28]
indicated significant similarity between TAQ
and PIN domain sequences. For example, an
eleven amino acid alignment block (overlined
in the alignment) of three PIN domain
sequences (yeast Yor166cp, human
KIAA0732 and C. elegans Y54F10AL.a)
yields a probability of the alignment having
arisen by chance (pMAC) of 1 × 10–3. The
same alignment block but with the
corresponding region of the Taq 5′
exonuclease yields pMAC = 8 × 10–6 (these
pMAC values were calculated using the
appropriate searchspaces equal to the
products of the lengths of the three or four
sequences). Thus, addition of the Taq
sequence improves the significance of the
sequences’ similarities by over two orders of
magnitude. Such an observation is indicative
of homology [28]. (b) Multiple sequence
alignment of SMG-5- and SMG-7-like
tetratricopeptide repeats (TPRs) [8] coloured
according to a 80% consensus using
CHROMA and default settings (Goodstadt,
L. & Ponting, C.P., unpublished;
http://www.lg.ndirect.co.uk/chroma/; for
consensus symbols, see Figure 1). These
repeats were all identified using a PSI-BLAST
[12] analysis of the D. melanogaster anon-
34Ea sequence within two rounds and an
E-value threshold of 0.001. The only exception
to this was the repeats in SMG-5 that were
detected by comparison of anon-34Ea,
SMG-7 and SMG-5 using MACAW [28].
Two alignment blocks were detected in these
three proteins with probabilities of occurring
by chance of 4.0 × 10–3 and 8.5 × 10–3.
For abbreviations see legend to Figure 1a.
The alignment corresponds to one TPR and
one half repeat, using the standard definition
of this repeat family. The observation of
SMG-5- and SMG-7-like TPRs in Est1p
and Ebs1p, reinforces previous findings that
the NMD pathway is required for telomere
length regulation [14].
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The identification of PIN
domains in yeast NMD4p and worm
SMG-5, adds to the discovery of
Upf1p as a RNA helicase [24], and
the finding that SMG-5 and the
worm Upf1p orthologue, SMG-2
[25], are involved in regulating RNAi
[6]. If it were found experimentally
that the PIN domain protein SMG-5
is indeed an RNase and that it also
binds to SMG-2, the requirements
for both an RNase and an RNA
helicase in models of NMD [9] and
RNAi [4,26] would be met. 
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Figure 2
Rasmol representation of the core secondary
structures of the catalytic domain of
bacteriophage T4 RNase H [20] (PDB:
1TFR). β-strands are in yellow and α-helices
are in red. Two magnesium atoms are shown,
but of these only one, coloured cyan, is
ligated by aspartate 132 directly and by
aspartates 19, 71 and 155 via water
molecules (these aspartates are coloured in
blue). The carboxylate of aspartate 19 is also
hydrogen bonded to the hydroxyl oxygen of
serine 153 (coloured in green). This serine is
proposed to act as a hydrogen donor to a
nuclease reaction. These residues (shown in
red in Figure 1a), with the exception of
aspartate 71, are well conserved among all
PIN domain sequences [15] and in the
alignment shown in Figure 1a. Genetically
engineered mutations of T4 RNase H [22]
and Pol I [29] show that only the cyan
coloured magnesium atom, (which ligates
aspartates D19 and D155, well conserved in
both the PIN domain and 5′ nuclease
families), is active in catalysis. The RNase H
β-strands are labelled 1–4 as in the original
publication of the crystal structure [20];
β-strand 5 of RNase H is not shown, as its
predicted corresponding strand appears to
be missing among some PIN domains, such
as that of SMG-5. The dotted line
corresponds to the position of a short helix
(helix three in the original structure) followed
by an unstructured region not determined
from the crystallographic data that are not
shown for the sake of clarity.
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